Electrical resistivity, magnetic susceptibility, and specific heat measurements on single crystals of LaTr 2 Al 20 (Tr = Ti, V, Nb, and Ta) revealed that these four compounds exhibit weak-coupling superconductivity with transition temperatures T c = 0.46, 0.15, 1.05, and 1.03 K, respectively. LaTi 2 Al 20 is most probably a type-I superconductor, which is quite rare among intermetallic compounds. Single-crystal X-ray diffraction suggests "rattling" anharmonic large-amplitude oscillations of Al ions (16c site) on the Al 16 cage, while no such feature is suggested for the cage-center La ion. Using a parameter d GFS quantifying the "guest free space" of the cage-center ion, we demonstrate that nonmagnetic RTr 2 Al 20 superconductors are classified into two groups, i.e., (A) d GFS 0 and T c correlates with d GFS , and (B) d GFS ≃ 0 and T c seems to be governed by other factors.
Intermetallic compounds RTr 2 X 20 (R : rare earth, Tr : transition metals, X : Al, Zn, and Cd), which crystallize in the cubic CeCr 2 Al 20 -type structure (Fd3m, #227), have attracted considerable attention in recent years, because a wide variety of strongly correlated electron phenomena caused by strong c-f hybridization have been observed. YbCo 2 Zn 20 is a heavy fermion (HF) compound with an electronic specific heat coefficient of 8 J/(mol K 2 ), which is the largest among Yb compounds. 1) SmTr 2 Al 20 (Tr = Ti, V, Cr, and Ta) exhibit rare Sm-based HF behaviors, which are anomalously fieldinsensitive. [2] [3] [4] Many of the PrTr 2 X 20 compounds have a nonKramers Γ 3 doublet crystalline-electric-field ground state, and exhibit quadrupole Kondo lattice behaviors. [5] [6] [7] [8] Therefore, it is presumed that the superconductivity (SC) appearing in the PrTr 2 X 20 compounds is induced by quadrupolar fluctuations. [9] [10] [11] [12] The SC appearing in RTr 2 X 20 with nonmagnetic R ions has been discussed in terms of the cage structure, which is one of the characteristic features of the CeCr 2 Al 20 -type crystal structure. The R ions at the 8a site with cubic T d symmetry are located at the center of an X 16 cage (CN 16 FrankKasper polyhedron). In R x V 2 Al 20 with R = Al and Ga (the SC transition temperatures T c are 1.49 and 1.66 K, respectively), the cage-center R ions show anharmonic large-amplitude oscillations, which are considered to enhance T c through the electron-phonon coupling. [13] [14] [15] [16] Similar discussions have also been made for R = Sc, Y, Lu, and La. 17) In contrast, compounds with X = Zn have different characteristics of lattice oscillations. LaTr 2 Zn 20 with Tr = Ru, Ir, and Os show structural phase transitions at 150, 200, and 151 K, followed by SC transitions at 0.2, 0.6, and 0.07 K, respectively. 18, 19) Inelastic X-ray scattering measurements and a first-principle calculation suggest that the structural transitions are associated with the low-frequency vibrations of Zn at the 16c site on the cage. 20, 21) The relation between the structural phase transition and SC in these compounds is yet to be understood.
For X = Al, the physical properties have not been fully investigated yet, except Tr = V mentioned above. In this paper, we report our studies on LaTr 2 Al 20 (Tr = Ti, V, Nb, and Ta) * aoki@tmu.ac.jp using single crystals, which reveal that these compounds exhibit superconductivity.
Single crystals of LaTr 2 Al 20 (Tr = Ti, V, Nb, and Ta) were grown using the self-Al flux method. The starting materials were La chips (99.9%), Al grains (99.99%) and powders of Ti (99.99%), V (99.9%), Nb (99.9%) and Ta (99.95%). With an atomic ratio of La:Tr:Al = 1:2:90, the starting materials were put in an alumina crucible and sealed in a quartz tube. The quartz tube was heated to 1050 o C and then was slowly cooled. Single crystals were obtained by spinning the ampoule in a centrifuge in order to remove the excess Al flux.
The electrical resistance and specific heat were measured using a Quantum Design (QD) Physical Property Measurement System (PPMS) equipped with a Helium-3 cryostat and an adiabatic demagnetization refrigerator (ADR). The ac magnetic susceptibility χ ac was measured by a mutual inductance method 22) down to 0.18 K with a modulation field of H ac = 0.3 Oe using a 3 He- 4 He dilution refrigerator. Single crystal X-ray diffraction analysis was performed using a Rigaku XtaLABmini with graphite monochromated Mo-K α radiation. The structural parameters refined using the program SHELXL 23) are shown in Table I . The lattice parameters a are close to those in the previous reports. 24, 25) Note that the equivalent isotropic atomic displacement parameters B eq of Al(3) at the 16c site have relatively large values:
. This feature is characteristic to RTr 2 X 20 compounds; see Refs. 26, 27) for X = Al and Refs. 9, 20, 21) for X = Zn. The cage-center La ions at the 8a site have normal values of B eq = 0.61 − 0.72 Å 2 , in contrast to R x V 2 Al 20 (R = Al and Ga), in which the cage-center R ions are suggested to have anharmonic rattling modes. [13] [14] [15] [16] The temperature dependence of resistivity ρ(T ) divided by ρ(300 K) is shown in Fig. 1(a) . Note that it is difficult to obtain the absolute values of ρ(T ) due to the smallness (typically 0.3 ∼ 0.4 mm in length) of the grown single crystals. The residual resistivity ratio RRR is ρ(300 K)/ρ(1.2 K) = 41.2 for Ti, ρ(300 K)/ρ(1.8 K) = 9.5 for Nb, ρ(300 K)/ρ(1.8 K) = 9.2 for Ta, and ρ(300 K)/ρ(0.2 K) = 5.4 for V. Figures 1(be) show the low-temperature expansion of ρ(T ) data for each compound. In zero field, all the compounds show SC transitions at 0.30, 0.15, 1.15, and 1.10 K (determined by the 50% transition in ρ) for Tr = Ti, V, Nb, and Ta, respectively. These (8) values are slightly different from those determined by the thermodynamic quantities as shown below. In the applied fields, the transition temperature shifts to lower temperatures. The superconductivity is completely suppressed in 1 kOe above 0.4 K. Figure 2 shows the temperature dependence of specific heat C divided by temperature. A clear specific heat jump appears at 0.46 K (Ti), 1.05 K (Nb) and 1.03 K (Ta), which is referred to as the bulk SC transition temperature T c hereinafter. Considering that we used 3-7 pieces of single crystals for the measurements, the small transition width indicates high degree of uniformity of the SC phase in the crystals. For LaTi 2 Al 20 , a jump appears at 1.14 K, indicating Al-flux inclusion in the crystal. Using C(T ) data obtained for Al metal, the contribution from LaTi 2 Al 20 is separated as shown in Fig. 2 .
The normal-state C/T data below 5 K can be described by
, where γ and β are the electronic and phonon specific heat coefficients, respectively. The specific heat jump at the SC transition ∆C(T c )/γT c is 1.26, 1.25, and 1.36 for Ti, Nb, and Ta, respectively. These values are close to and slightly smaller than 1.43 expected from the BCS theory, indicating that they are weak-coupling superconductors. The fitting of the C(T ) data by the α model 28, 29) is shown by the thin curve in Fig. 2 . The obtained α value is 1.67, 1.62, and 1.70 for Ti, Nb, and Ta, respectively, which is smaller than 1.764 expected from the BCS theory. This feature indicates that the size of the SC gap differs slightly in each of the multiple conduction bands.
The temperature dependence of ac magnetic susceptibility Figs. 3 (a-c) . The real-part χ ′ shows that the superconducting volume fraction reaches approximately 100%, confirming that the SC in LaTr 2 Al 20 is of bulk nature. Considering that we used 10-20 pieces of single crystals for the measurements, the small transition width indicates high degree of uniformity of the SC phase in the crystals. Figures 3 (d-f) show the magnetic field dependence of χ ′ at several selected temperatures. With decreasing temperature, the onset of the SC transition shifts to higher fields.
Using the χ ′ and C data measured in applied fields, the SC phase diagram is constructed as shown in Fig. 4 . The two sets of the SC boundary data agree well with each other. H c2 (0) is much lower than the Pauli-limiting field H P = (1.84×10 4 Oe/K) T c , 33) suggesting that H c2 (0) is determined by the orbital depairing effect. The temperature dependence of H c2 can be well described by the Werthamer-Helfand-Hohenberg (WHH) clean-limit expression, 30, 31) as shown by the solid Table II . Characteristic parameters of nonmagnetic RTr 2 Al 20 superconductors (see text for definitions). The errors in the last significant digit(s) are indicated in parentheses.The error in T c (±∆T c ) is estimated by the 90-10% transition in C/T . The standard deviation ∆α is obtained by least squares fitting of the α model to the C/T data in T/T c < 0.9 − 0.95 (excluding the SC transition region). curves in Fig. 4 . In this model, H c2 at T = 0 satisfies
where φ 0 and ξ GL are the quantum magnetic flux and the Ginzburg-Landau (GL) coherence length, respectively. The GL parameter κ GL , which is equal to the Maki parameter 34) κ 2 (T → T c ), is determined using the thermodynamic relation: 35 )
where ∆C vol is measured per unit volume [unit: erg/(K cm 3 )], and β A = 1.16 for a triangular vortex lattice. The thermodynamic critical field H c (0) = α (6/π)γ vol T c , 29) the London penetration depth λ L = κ GL ξ GL , and the lower critical field characteristic parameters are summarized in Table II .
The SC properties of LaTi 2 Al 20 , which are significantly different from the others, strongly suggest that it is a type-I superconductor. dominates and extends over a large H range in the SC phase (see Fig. 3 ). (3) Positive peaks appear in χ ′ at the SC phase boundary (i.e., ∂M/∂H > 0), which are ascribable to the "differential paramagnetic effect (DPE)" often observed in type-I superconductors. [36] [37] [38] Note that most known type-I superconductors are pure metals and only a handful are reported among compounds and alloys.
The electron-phonon coupling constant λ e-ph is obtained using the modified McMillan's formula λ e-ph = 1.04 + µ * ln(
where the Coulomb coupling constant µ * is assumed to be 0.13 39) and the Debye temperature Θ D is obtained from Θ D = 3 (12/5)π 4 nR/β (n = 23 is the number of atoms per formula unit and R is the gas constant). The fact that λ e-ph ranges between 0.34 and 0.42 is consistent with the above-mentioned weak-coupling nature of the superconductivity in RTr 2 Al 20 .
One of the important features here is that the large distribution of T c ( = 0.15-1.05 K) is mainly caused by the different λ e−ph ( = 0.34-0.42) in LaTr 2 Al 20 . Note that T c correlates strongly with λ e−ph but not with Θ D , which is determined below 5 K. This fact suggests that acoustic phonons are not playing a major role in the Cooper pairing.
For LaTi 2 Al 20 , the mass enhancement factor γ/γ cal is 1.26, which is slightly smaller than the expected (1 + λ e-ph ) = 1.38. These values are in good agreement with a de Haas-van Alphen (dHvA) experiment, which showed that the cyclotron mass is approximately 1.2 times larger than that obtained from a band structural calculation. 40, 41) Here, we examine the crystallographic features of the Al 16 cage, which includes a La ion at the center (8a site). For RTr 2 Al 20 with R = lanthanide ions, it is considered that a guest R ion does not have a free space around it inside the Al 16 cage as suggested by the fact that the lattice parameter a depends almost linearly on the covalent radius of the lanthanide ion r R . 17) On the contrary, for R = Ga, Al, Sc and Lu, a (= 14.49-14.51 Å) is almost independent of r R , which is smaller than those for lanthanide ions, suggesting the existence of a free space around the R ions. Some of the anomalous SC properties observed for R = Ga, Al, Sc and Lu are attributable to the "rattling" anharmonic low-frequency vibrations of the R ions, which are considered to couple strongly with conduction electrons and to enhance T c . [13] [14] [15] [16] [17] We introduce a parameter to quantify the "guest free space" as d GFS ≡ d R−Al − (r R + r Al ), where d R−Al ≡ (12d R−Al(96g) + 4d R−Al(16c) )/16 is the average distance between R and Al in a cage (see the inset of Fig. 5 ), and r R and r Al are the covalent radii for R and Al ions, respectively. 42) d R−Al is calculated using the results of the single-crystal X-ray diffraction analysis shown in Table I . T c is plotted as a function of d GFS in Fig. 5 for RTr 2 Al 20 with nonmagnetic R ions. For Tr = V, T c increases almost linearly with d GFS . This behavior agrees well with the interpretation that T c is enhanced by the "rattling" anharmonic vibration modes of Ga, Al, Sc, and Lu ions. In contrast, the four data points of the present study fall almost into a vertical line with d GFS ≃ 0, indicating that these La compounds do not have guest free space and the large T c distribution is not associated with the La ion oscillations. We speculate that the T c distribution may be caused by differ-ences in (i) anharmonic large-amplitude vibration modes of Al(16c) ions and/or (ii) characteristics of the d electrons of Tr ions (e.g., stronger spin-orbit interaction for 4d and 5d than 3d).
In summary, we have grown single crystals of LaTr 2 Al 20 (Tr = Ti, V, Nb, and Ta) and have revealed that they are new weak-coupling superconductors. The single-crystal Xray diffraction analyses have clarified that they form a group of superconductors characterized by no "guest free space" for the cage-center La ions.
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